Intracranial arterial calcification (IAC) is an easily identifiable entity on plain head computed tomography scans. Recent studies have found high prevalence rates for IAC worldwide, and this may be associated with ischemic stroke and cognitive decline. Aging, traditional cardiovascular risk factors, and chronic kidney disease have been found to be associated with IAC. The severity of IAC can be assessed using different visual grading scales or various quantitative methods (by measuring volume or intensity). An objective method for assessing IAC using consistent criteria is urgently required to facilitate comparisons between multiple studies involving diverse populations. There is accumulating evidence from clinical studies that IAC could be utilized as an indicator of intracranial atherosclerosis. However, the pathophysiology underlying the potential correlation between IAC and ischemic stroke-through direct arterial stenosis or plaque stability-remains to be determined. More well-designed clinical studies are needed to explore the predictive values of IAC in vascular events and the underlying pathophysiological mechanisms.
INTRODUCTION
Vascular calcification appears to be specific for arteries, which can involve the femoral artery, iliac artery, abdominal aorta, thoracic aorta, coronary artery, carotid artery, and cerebral arteries. Histologically confirmed arterial calcification can occur in localized intimal plaques, as well as in a diffused fashion in the media (Mönckeberg's medial calcification). [1] [2] [3] Intimal calcification involves a complex, regulated process of biomineralization resembling osteogenesis, 4 and the current review focuses on vascular calcification. According to the literature, vascular calcification is considered to be an integral part of the active process of atherosclerosis, occurring in up to 90% of atherosclerotic lesions. 5 The biological mechanism underlying the development of calcification is complex and is not well understood. Vascular calcification is beginning to be regarded as regulated ossification that includes both osteogenic and chondrogenic differentiation, because ossification has been identified histologically as occurring at different locations of vascular calcification, such as aortic valves, carotid atherosclerotic plaque specimens, and calcified cardiac valve tissue. Many key regulators of bone formation and bone structural proteins are expressed in atherosclerotic plaques, including bone morphogenetic protein-2, 6 osteopontin, 7 matrix γ-carboxyglutamic acid protein, and osteoprotegerin. 8 Coronary artery calcification (CAC) is by far the best-studied type of vascular calcification. 9 A CAC score has been used as a noninvasive marker to predict acute coronary disease, and this has prompted researchers to explore the potential predictive values of calci- Intracranial arterial calcification (IAC) was first observed in the early 1960s using ex vivo radiography and microscopic pathology investigations. [10] [11] [12] Although IAC is frequently observed on unenhanced head computed tomography (CT) and is easy to identify, its clinical significance has long been neglected. The establishment of intracranial artery atherosclerosis as a major cause of ischemic stroke worldwide has increased the interest of researchers in IAC, which is an important component in advanced intracranial atherosclerosis. Several clinical studies have found a high prevalence of IAC in Asians and Caucasians. 13, 14 In this review we document clinical aspects of IAC, including its risk factors, distributions in different cerebral arteries, the currently available methods for assessing the severity of IAC, and possible mechanisms underlying the effects of IAC on ischemic stroke (arterial stenosis or plaque stability).
RISK FACTORS
As a proxy of atherosclerosis, IAC shares some traditional cardiovascular risk factors with other atherosclerotic diseases. The first study of IAC did not observe intimal calcification in any patient younger than 20 years, and therefore the condition was considered to be associated with the aging process. Several studies that have utilized various methods to measure the severity of calcification have demonstrated a trend for IAC to increase with age. [13] [14] [15] Being male is another factor that may be associated with IAC, 16 as supported by the population-based Rotterdam Study involving 2,495 subjects.
17 Table 1 lists other vascular factors that may be associated with IAC, including hypertension, diabetes, hypercholesterolemia, and ischemic stroke. Besides cardiovascular risk factors, the occurrence of calcification is also found to be related to calcium-phosphate imbalance. A high prevalence of IAC was reported in patients with chronic kidney disease, [18] [19] [20] possibly due to the calcium-phosphate imbalance resulting from renal failure.
DISTRIBUTION OF IAC
Calcification in the intracranial internal carotid artery (IICA) segment (cavernous carotid or carotid siphon) is the most commonly reported location in the literature. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] X-ray examinations of postmortem IICA specimens performed in 1965 by Fisher et al. 11 detected 75% calcification in these vessel specimens. Recent clinical studies involving community or stroke patients have consistently found the IICA to be the most common site of IAC. The incidence of IICA calcification has been reported to range from 60% to 90% depending on age, ethnicity, and the presence of stroke or other risk factors.
The vertebral artery is the second most common artery affected by calcification. 12, 13 Calcification was identified in one or both intracranial vertebral arteries in 3.4% of 3,648 CT scans, 31 and was more frequent in the higher age groups. Another study that involved 490 Chinese hospital patients found a higher incidence of intracranial vertebral artery calcification (20%). 13 Compared to an incidence of 3-20% in all patients, Pikija et al. 32 reported a much higher incidence of around 70% calcification of bilateral vertebral arteries among stroke patients, in addition to 17.1% calcification in the basi- 
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These reports indicate that the IICA, vertebral artery, and basilar artery are often affected by calcification. Chen et al. 13 reported a similar incidence of calcification (5%) in the middle cerebral artery and basilar artery. In contrast, the anterior and posterior cerebral arteries are seldom affected by calcification.
MEASUREMENT OF IAC
Vascular calcification can be quantified in vivo or in vitro using diverse methods. 33 Besides an in vitro histological test of vessel specimens, an unenhanced CT scan is the most accessible and direct method to evaluate IAC in patients. The advent of multidetector CT technology has greatly increased the accuracy and sensitivity of delineating IAC. 34 CT angiography (CTA) is also a common method for investigating the cerebral vasculature. However, Ahn et al. 28 from Korea suggested that unenhanced CT would be a better approach for evaluating IAC since it could more readily demonstrate small amounts of calcification. Although magnetic resonance imaging (MRI) is not a good choice for IAC evaluations because of its relatively high cost and technological requirements, recent advances in MRI technology have made it feasible to identify calcification components from plaque components, such as fibrous tissue, lipids, and thrombus. In this review we focus on methods for evaluating IAC utilizing CT and CTA imaging due to their wide availability in general hospitals.
A search of the relevant literature revealed that the current methods used to evaluate the severity of IAC are both diverse and inconsistent (Table 2) . Visual grading systems are the most common qualitative methods used to assess IAC 13, 14, 22, 23 despite the large variations in the obtained results depending on which factors are considered and which grading criteria are applied. The extent and thickness of calcification are the two main factors graded by visual inspection 35 ( Fig. 1 ). The sum of the grading values in individual cerebral arteries is used to represent the degree of calcification in the entire intracranial vasculature. 36, 37 However, the subjective nature and inconsistencies between different grading scales hinder comparisons of findings from different studies. Therefore, accurate and quantitative measurements of IAC are required to facilitate the performing of IAC-related clinical trials (Fig. 2) .
With the aim of supporting quantitative measurements, de Weert et al. 16 developed a semiautomatic custom-made system for evaluating IAC. The volume of calcifications was measured with the freely available ImageJ software using a custom-made polymeasure plug-in. The volume of calcifications was calculated by multiplying the number of pixels above a preset threshold, the pixel size, and the increment. 
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the calcium in the vessel wall from that in the skull, Bleeker et al. 27 verified the reliability of their measurements with excellent inter-observer agreement (Pearson correlation coefficient=0.99) and a strong correlation with qualitative IAC grading results.
The Agatston score is a well-known and validated quantitative parameter adopted to assess calcium in the coronary artery, which is defined as the area of calcification (determined by a certain threshold value) multiplied by a weighted value assigned to its highest value in Hounsfield units. 9 Inspired by the clinical application of the Agatston score in evaluating CAC, Taoka et al. 24 used the Agatston score to evaluate carotid siphon calcification, and found that the score was strongly correlated with arteriosclerotic changes both in the carotid siphon and the bifurcation. Considering the challenges in segmenting IAC from the neighboring bony structures, special techniques are required to eliminate the contamination of bone attenuation when obtaining quantitative scores of IAC. 24 Several measurement tools are available for evaluating the severity of IAC, including subjective visual grading scales and the relatively objective quantitative measurements. Due to inconsistent criteria used when grading IAC, a quantitative and reproducible measuring tool is urgently needed for facilitating comparisons between different studies.
HEMODYNAMIC EFFECTS OF IAC Arterial stiffness
Arterial stiffening is a phenomenon associated with aging and accelerated by other vascular risk factors, which can be evaluated by the pulse wave velocity (PWV) and may indicate early atherosclerotic changes. In coronary artery disease, the degree of CAC was found to be significantly related to the aortic PWV, which is a measure of central arterial stiffness. 38 Several studies have verified the correlation between IAC and arterial stiffness. Among community-based Chinese patients without stroke, asymptomatic intracranial artery atherosclerosis (defined as intracranial arterial stenosis and/or IAC) was demonstrated to be associated with largeartery stiffness, as measured by the carotid-femoral PWV and 24-h ambulatory pulse pressure. 39 In a Korean study, Park et al. 40 also found that increased brachial-ankle PWV was closely associated with the degree of IAC in patients with acute ischemic stroke. By performing transcranial Doppler ultrasonography in the cerebral vasculature, those authors found that the severity of IAC was correlated with the pulsatility index of intracranial vessels in stroke patients. 40 Therefore, IAC may increase both the systemic and intracranial arterial stiffnesses in patients with and without cerebrovascular diseases. Larger studies are needed to further clarify the effect of IAC on cerebral hemodynamics.
Vascular stenosis
Arterial calcification is an indicator of atherosclerosis, which may lead to ischemic stroke due to direct luminal stenosis. Several studies have explored the correlations between IAC and the severity of luminal narrowing. Severe calcification was demonstrated to be correlated with a carotid siphon stenosis of greater than 50%, as determined angiographically. 21 Another study used digital subtraction angiography to determine the presence of high-grade stenosis, and verified the correlation between cerebral artery stenosis and IAC. 41 Sohn et al. 15 found that IAC was associated with a higher degree of intracranial artery stenosis, although they failed to demonstrate any correlation between IAC and an abnormal cerebral blood flow velocity when using transcranial Doppler ultrasonography. However, the retrospective design of these studies and their qualitative assessments of IAC adversely affect the reliability of identifying a correlation between IAC and vascular stenosis. Large prospective studies employing more accurate and quantitative measurement tools are still required to confirm the association between IAC and arterial stenosis.
Plaque stability
The contributions of IAC to atherosclerotic plaque stability within the cerebral vasculature are still controversial in advanced atherosclerosis. Due to limited data concerning IAC and plaque stability, we searched relevant studies in the area of CAC. Huang et al. 42 used a biomechanical model to test the hypothesis that calcification influences the biomechanical stresses in human atherosclerotic lesions. However, they found that CAC within a rupture or a stable human atherosclerotic plaque did not increase the fibrous cap stress. Another study using multislice CT identified that the prevalence of noncalcified coronary atherosclerotic plaques was higher in patients with acute coronary disease than in those with a stable clinical presentation. 43 Similarly, intravascular ultrasound studies found heavily calcified plaques to be more resistant to plaque progression (changes in atheroma volume). 44 Therefore, the findings for CAC suggest that heavy calcification may actually help to stabilize atherosclerotic plaques, rather than the other way around. A heavy plaque burden hidden in heavily calcified arteries-rather than plaque vulnerability-may partially account for the association between severe arterial calcification and ischemic events. 45 Beside CAC, the histology findings of carotid plaques obtained during carotid endarterectomy procedures also demonstrated that symptomatic plaques are less calcified than asymp-JCN tomatic plaques, suggesting that carotid plaque calcification is associated with plaque stability. 46 However, as for intracranial arteries, a postmortem study involving Chinese patients failed to demonstrate any correlation between IAC and brain infarction in the corresponding vascular territory. 47 According to our current knowledge of stroke mechanisms in large-artery atherosclerosis patients, hemodynamic failure secondary to arterial stenosis or artery-to-artery emboli accounts for a high proportion of ischemic stroke events. However, it is still too early to draw any definitive conclusions regarding the relationship between IAC and plaque stability due to the lack of reliable evidence.
CLINICAL SIGNIFICANCE OF IAC
As an indicator of atherosclerosis in intracranial arteries, IAC is an easy-to-acquire and promising biomarker reflecting the severity of intracranial vascular disease. The interest of researchers in the clinical significance of IAC has increased due to findings suggesting that moderate-to-extensive CAC is associated with an increased occurrence of ischemic stroke or cerebral small-vessel disease, and that the CAC score may be utilized to evaluate the risk of cerebrovascular diseases. 48, 49 In terms of the clinical significance of IAC, Chen et al. 50 were the first to demonstrate in a cross-sectional study that the incidence of IAC was higher in Chinese ischemic stroke patients. However, a subsequent study involving Chinese stroke patients did not find that IAC was an independent predictor of recurrent stroke at 3 years after an index stroke, although this negative result was possibly due to smallness of the sample (n=60). 10 Taoka et al. 24 found that the degree of calcification in the siphon could be used to indicate angiographic changes of arteriosclerosis but could not predict the possibility of a future cerebral stroke in a Japanese population. In addition to these studies involving Asians, a French research group recruited 302 stroke patients over 1 year and found that IAC detection may constitute a simple marker of a high risk of future major clinical events, including ischemic stroke and death. 37 Similarly, Ovesen et al. 51 demonstrated that the severity of intracranial atherosclerosis (graded as the number of calcified cerebral arteries) detected during an acute evaluation predicted an increased risk of recurrent stroke in a Danish population (n=652). The recent Rotterdam Study-the largest population-based cohort study in a general community recruiting 2,323 stroke-free elderly subjects-established intracranial atherosclerosis (quantified by the IICA calcification volume on CT scans) to be a major risk factor for stroke in a White population, and suggested that its contribution to the proportion of all strokes may be greater than that of large-artery atherosclerosis in other more proximally located vessel beds. 52 The strong association between IICA calcification and stroke demonstrated by the Rotterdam Study revealed that IICA calcification is an important but previously seldom-considered risk factor for subsequent stroke in White patients. The apparent discrepancy between this finding and the previous reports of a low frequency of stroke caused by intracranial atherosclerosis in White patients should reawaken the interests of researchers in intracranial atherosclerosis as a cause of stroke in White individuals.
Ischemic stroke is well known to be a heterogeneous disease attributable to various causes such as large-artery atherosclerosis, cardioembolism, and small-vessel occlusion. However, few studies have explored the associations between IAC and specific stroke subtypes. A subgroup analysis based on the Rotterdam Study aimed to identify how the extent of arterial calcifications differed between nonlacunar and lacunar ischemic strokes. 53 Nonlacunar cerebral infarcts were presumed to be caused by thromboembolism from the heart or extracranial arteries, whereas lacunar infarcts were thought to be caused by small-vessel disease. The subgroup analysis involved 820 consecutive patients with transient ischemic attack or ischemic stroke in the anterior circulation, and it demonstrated that the only difference between nonlacunar and lacunar strokes was a higher calcification volume in the aortic arch in nonlacunar strokes, instead of that in intracranial arteries. These findings only partially confirmed the notion of distinct etiologies, suggesting that other plaque components, plaque morphology, and aortic arch calcifications play roles in various ischemic stroke subtypes and so are worthy of further evaluation. Future studies are therefore required to investigate the potential contributions of IAC in different stroke subtypes.
In addition to ischemic stroke, some researchers began to study the relationship between severities of IAC and other coexistent radiologically identified vascular changes. A Korean study involving 445 patients found that higher carotid siphon calcification scores were associated with higher rates of lacunar infarction. 54 Similarly, IICA calcification was found to be an independent risk factor for cerebral microbleeds, especially in deep cerebral microbleeds. 55 Chung et al. 26 found that IICA calcification was associated with whitematter hyperintensities, either in periventricular or in deep white matter. In contrast, Babiarz et al. 22 did not find any correlation between IAC and white-matter ischemia.
In a subpopulation of 2,414 nondemented people in the Rotterdam Study, investigators found a larger IICA calcification volume to be associated with worse cognitive performance, which might be attributable to a smaller brain tissue JCN volume and worse microstructural integrity of the white matter in individuals with heavier atherosclerotic burdens. 56 A subsequence longitudinal study reconfirmed that a larger IICA calcification volume was related to a higher risk of cognitive decline. 57 Multicenter studies are required to verify the role of IAC in predicting cognitive impairment and dementia.
To summarize, the findings from clinical studies suggest that IAC-as an indicator of intracranial atherosclerosis-is associated with ischemic stroke, different radiological brain changes including white-matter disease or microbleeds, and also cognitive impairment. More evidence is needed from well-designed studies to verify the predictive values of IAC in multiple vascular events and to clarify the related underlying pathophysiology.
CONCLUSIONS
The prevalence of IAC is high worldwide. As a vascular lesion changes over time, aging is a definite risk factor for IAC. In addition, sex and common cardiovascular risk factors also contribute to the occurrence and progression of IAC. IAC within the cerebral vasculature is mostly observed in the IICA, followed by the vertebral artery, basilar artery, and middle cerebral artery. Although IAC is frequently observed, diverse methods are currently used to assess its severity, and consistent criteria for comparing findings from different centers is lacking. A well-designed computer-assisted objective software tool may be more useful than qualitative visual grading methods for measuring the severity of IAC both quantitatively and reproducibly. An accurate and consistent quantitative measurement method, which will hopefully be accepted by different researchers worldwide, needs to be validated and developed in larger clinical studies.
As an indicator of atherosclerosis, IAC may induce hemodynamic changes because of in-site luminal stenosis and subsequent increased arterial stiffness. However, its association with plaque instability is still controversial. There is accumulating evidence from cross-sectional or longitudinal studies that IAC is associated with ischemic stroke, imagingverified brain changes (white-matter disease or microbleeds), and cognitive impairment in both Asians and Whites. More well-designed clinical studies that combine multiple imaging modalities are needed to explore the predictive values of IAC in vascular events and the underlying pathophysiological mechanisms.
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